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VIBRATION OF SYNCHROTRON FOUNDATION DUE TO GROUND- 
TRANSMITTED EXCITATION 
M. Hesham El Naggar 
University of Western Ontario, London, ON, 
Canada, N6A 5B9 
ABSTRACT 
Bruce F. Sparling 
University of Saskatchewan, 57 Campus Drive, 
Saskatoon, SK, Canada, S7N 5A9 
The Canadian Light Source (CLS) is a third generation synchrotron that will be capable of generating a wide 
spectrum of electromagnetic radiation used in the study of the atomic and sub-atomic structure of materials. The 
CLS facility will feature a 50 m diameter vacuum storage ring used to contain a highly focused stream of electrons. 
The accuracy required in aiming the electron beam and resulting radiation necessitates very stringent operational 
tolerances on foundation vibrations, with peak dynamic displacements being limited to less than 0.35 pm. To assess 
the level of seismic excitation at the site due to traffic on an adjacent roadway, an extensive “green field” ground 
vibration monitoring program was carried out. The analytical model used to calculate the dynamic characteristics of 
the foundation system is described. A Fourier analysis approach was used to predict the response of the foundation 
to the ground-induced vibrations. The results of the analysis showed that the proposed foundation system would 
perform satisfactorily. 
BACKGROUND 
The Canadian Light Source (CLS) is a third generation 
synchrotron that will be capable of generating a wide spectrum 
of electromagnetic radiation used in the study of the atomic 
and sub-atomic structure of materials. Located on the 
University of Saskatchewan campus in Saskatoon, 
Saskatchewan, the CLS facility will feature a 50m diameter 
vacuum storage ring used to contain a highly focused stream 
of electrons. The accuracy required in aiming the electron 
beam and resulting radiation necessitates very stringent 
operational tolerances on foundation vibrations, with peak 
dynamic displacements being limited to less than 0.35pm over 
the frequency range of 0 - 50 Hz. 
To limit consolidation settlements, the foundation for the 
storage ring and attached beam lines will consist of a 78m 
square structural slab supported by 400 friction cast-in-place 
concrete piles. The piles will be 10m in length and 0.6m in 
diameter, installed at a spacing of 4m centre-to-centre. 
DESIGN APPROACH 
The main objective of the foundation design for vibration- 
sensitive equipment is to limit the response amplitudes to the 
specified tolerance in all vibration modes. The tolerance is 
usually set by the machine manufacturer to ensure satisfactory 
performance. The displacement of foundations subjected to 
dynamic loads depends on the type and geometry of the 
foundation, the flexibility of the supporting ground and the 
type of dynamic loading. 
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Vibration criteria supplied by the manufacturer are typically 
specified in terms of “floor vibrations”. Before the facility is 
built, though, floor vibration cannot be measured directly but, 
rather, must be predicted by analytical means. Seismic 
excitation at the site due to traffic could be, in many cases, an 
important factor for designing the facility, or even in deciding 
whether or not it will be built. Therefore, establishing the 
relationship between measured ground vibrations and 
expected floor vibrations is the first step in the evaluation 
process. The procedure used to establish this relationship 





Evaluating the magnitudes and characteristics of the 
dynamic loads: this includes the intensity and frequency 
content of the ground-transmitted traffic excitation; 
Establishing the soil profile and evaluating the soil 
properties required for the dynamic analysis (Shear 
modulus, mass density, Poisson’s ratio and material 
damping ratio); 
Selecting the type and trial dimensions of the foundation 
based on experience; and 
Computing the dynamic response of the trial foundation 
(step 3) supported by the given soil profile (step 2) due to 
the estimated load (step 1) and comparing the response 
with the performance criteria. If the response is not 
satisfactory, modifications are made to the foundation 
dimensions (step 3) and the analysis repeated until a 
satisfactory design is achieved. 
As can be noted from this procedure, the dynamic 
response analysis is the major component in the design 
process. The analysis essentially involves the calculation of 
the vibration characteristics of the machine-foundation-soil 
system (i.e. the natural frequencies and the vibration 
amplitudes due to all sources of vibration). The required 
complexity of the response analysis depends on the type of the 
foundation system. For flexible foundation systems (e.g 
tabletop or mat foundations), dynamic finite element analysis 
may be necessary. For rigid foundations resting directly on 
the soil or supported by pile groups, simplified analytical 
an&or numerical methods are commonly used. 
The response of soils and foundations to dynamic 
excitation is frequency dependent and, thus, is a function of 
the stiffness and damping parameters of the foundation. 
Therefore, the evaluation of the appropriate stiffness and 
damping parameters (impedance functions) for the foundation 
soil or pile/soil system is a key step in the analysis. 
FOUNDATION MODEL 
The foundation system considered in this study consists of a 
78 m square structural slab supported by 400 cast-in-place 
concrete friction piles located on a grid spaced at 4 m on 
centre. Several approaches are available for the analysis of 
pile foundations to account for dynamic soil-structure 
interaction, most of which are based on the continuum 
approach and the assumption of elastic or viscoelastic soil. 
The analyses used to determine the impedance functions of the 
foundation for the current study are described briefly below. 
Stiffness and damping of piles are affected by interaction of 
the piles with the surrounding soil. In groups of closely 
spaced piles, the character of dynamic stiffness and damping 
is further complicated by interaction between individual piles. 
Therefore, the superposition approach was used in this 
analysis. In this approach, the stiffness and damping of single 
piles are calculated first, then group effect is accounted for 
using the interaction factors, as discussed below. The 
dynamic stiffness (impedance function) of piles can be 
described as 
K, = k, (a,) + i w c, (a,) 
in which parameters k; and Ci are stiffness and damping 
constants, ao= oR /V, = dimensionless frequency, o is the 
loading frequency, R is the pile radius, V, = JG/p= shear 
wave velocity of the soil, G and p are the soil shear modulus 
and mass density, respectively. Dynamic stiffness is 
generated by calculating the forces needed to produce a 
vibration of the pile head having a unit amplitude in the 
prescribed direction. Novak (1974) described the stiffness 
constants, k,, and the constants of equivalent viscous damping, 
c,, for individual motions of the pile head as a function of the 
pile and soil properties. Novak and Aboul-Ella (1978) 
provided an approach to evaluate the impedance functions of 
piles in a layered medium. 
Dynamic group effects are quite complex with no simple 
approach being available to alleviate these complexities. At 
present, the only simplifications available are the interaction 
factors approach and the approximate approach due to Dobry 
and Gazetas (1988) and Gazetas and Makris (1991) in which 
the interaction problem is reduced to the consideration of 
cylindrical wave propagation. A simplified approximate 
analysis for the dynamic group effects can be formulated on 
the basis of dynamic interaction factors, CL, introduced by 
Kaynia and Kausel (1982) who presented charts for dynamic 
interaction. The interaction factors derive from the 
deformation of two equally loaded piles and give the increase 
in deformation of a pile due to deformation of an equally 
loaded neighbouring pile. To analyze a pile group using the 
interaction factors approach, the impedance functions of single 
piles and the interaction factors are calculated first, then the 
group impedance functions are computed. The impedance 
functions of a pile group are then given by El Naggar and 
Novak ( 1995). All the techniques used to calculate the 
impedance functions for the foundation are encoded in the 
computer program DYNAS (Novak et al. 1999) that was used 
in this study. 
VIBRATION MONITORING 
To assess the level of seismic excitation at the site due to 
traffic on an adjacent roadway, an extensive “green field” 
ground vibration monitoring program was carried out. Ground 
acceleration measurements were taken at 10 stations situated 
across the CLS site prior to the start of construction. 
Vibration Monitoring Equipment 
Components of the ground vibration monitoring equipment 
included sensors, mountings for the sensors and a data 
acquisition system. The monitoring system was designed to 
provide the required sensitivity, minimize data sampling errors 
and achieve the robust performance necessary for the 
anticipated environmental conditions. 
In this study, ground vibrations were measured using ICP 
model 393831 seismic accelerometers supplied by PCB 
Piezotronics Inc. With a sensitivity of 1.0x10-6g, a 
measurement range of _+0.5g, a frequency range of 0.07-300 
Hz (at &IO% gain) and an operational temperature range from 
- 18” to 65” C, these accelerometers were deemed to satisfy the 
stringent project requirements. In addition, a mounted natural 
frequency in the order of 1 kHz helped to minimize 
measurement bias in the frequency range of interest. A total 
of three accelerometers were utilized. 
The accelerometers were mounted directly on specially 
fabricated aluminum posts installed in the ground at the 10 
measuring stations. Mounting arrangements enabled the 
simultaneous attachment of accelerometers in three mutually 
orthogonal directions, with two oriented horizontally and the 
third vertically. An embedded length of 0.6 m for the posts 
was selected to enhance the rigidity of the system while, at the 
same time, being significantly smaller than the minimum 
wavelength of soil vibrations for the maximum frequencies 
considered. The sensors were protected from interference 
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RESPONSE ANALYSIS from other factors such as wind, rain, snow and 
electromagnetic fields. 
Dynamic tests were conducted on the mounted sensor 
assembly using an impact hammer apparatus. It was found 
that the embedded posts exhibited a fundamental resonant 
frequency ranging between 120 to 150 Hz with a single 
accelerometer mounted on it, and between 70 and 90 Hz with 
three mounted accelerometers. Free vibration damping was 
observed to be approximately 8- 10% of critical damping. 
A digital data acquisition system compatible with the sensors 
was designed, tested and operated by technical staff at the 
CLS. Proper analog filtering ensured that no frequency 
interference occurred. The sampling frequency (1 kHz) was 
selected so that the highest frequency component of interest 
could be properly identified. All the measurement data was 
recorded and stored in digital form for subsequent analyses. 
Vibration Monitoring Program 
Ground acceleration measurements were taken at 10 stations 
distributed across the CLS site. At each station, simultaneous 
readings were taken in the vertical and two horizontal 
directions for the various types of excitation that were 
considered. Additional tests were also conducted with 
corresponding measurements recorded at three different 
stations simultaneously. 
From March l-17, 1999, vibration events due to general 
automobile traffic, buses, and loaded gravel trucks were 
recorded. During this period, a snow cover remained on the 
site and the ground was at least partially frozen. In these tests, 
gravel truck events were found to generate the largest ground 
vibrations and were therefore selected as the basis for 
subsequent analyses. Additional tests were also performed on 
March 23, in which a mechanical tamper was used to estimate 
correlation between stations for (somewhat) uniform 
excitation source. The corresponding horizontal and vertical 
accelerations at three stations located along a straight line 
were measured simultaneously to obtain some measure of the 
correlation characteristics of ground vibrations over the 
foundation area. 
To ensure that the ground vibration measurements were 
representative of the most severe anticipated loading 
conditions, including the effects of varying weather conditions 
and the potential for significant bumps on the roadway, a new 
set of ground vibration monitoring tests were performed on 
June 23, 1999. These tests featured a loaded gravel truck 
(gross weight of 22.8 tonne) traveling at 40-45km/hr (the 
speed limit on this road is 40km/hr) and striking a 50mm (2 
inch) bump in the road (a 2x4 HSS tube installed across the 
driving lane). Several sets of measurements were taken, each 
consisting of 10 truck events (5 events with the truck 
travelling in each direction along the roadway). 
The measurements with the most intense ground 
accelerations, taken at the ground surface in the location of the 
titure machine foundation, were selected as the final design 
acceleration time-history. 
The proposed foundation for the CLS consists of a 350 mm 
thick reinforced concrete slab supported by closely spaced 
piles. Due to the large resulting stiffness of the slab relative to 
that of the piles, the slab can be assumed to vibrate as a rigid 
body. The equation of motion for this rigid body in one 
direction (i.e. SDF) when subjected to a dynamic excitation is 
mii+ci+kfi=P(t) (2) 
where m is the mass of the system, c and k are the damping 
coefficient and stiffness constant of the foundation along the 
direction considered and P(t) is the loading excitation; and, 
and s, 6 and 6 are the acceleration, velocity and 
displacement of the foundation, respectively. For basic 
harmonic loading, the response is given by 
6(f) = 
P 
cos(wt +$g (3) 
(k -mo2)2 +co2c2 
where o is the loading frequency and 
$=tan-’ [-WC/(/~ - mo2)] is the phase shift. 
For ground-transmitted excitation, the forcing function, 
P(t), is given by (-mC(t) )where i(t) is the absolute ground 
acceleration time history measured at the location of the future 
foundation. In this case, there are two approaches to solve for 
the response of the foundation. In the first approach, the 
Duhamel integral of ii(t) is used to calculate the relative 
displacement of the foundation, i.e. 
6(t) = aoD(r-r) sin[w, (t - r)dr (4) 
where wO= r, D=c/2& and wd =4x. k/m 
The response of the machine-foundation system is 
influenced by both its natural frequency and the frequency 
content of loading. The traffic loading is transmitted to the 
foundation as a combination of seismic waves propagating in 
the ground at different frequencies. While Equation 4 implies 
that the stiffness and damping of the foundation system are 
constant, they are, in fact, frequency dependent; the use of Eq. 
4 to calculate the response may therefore compromise the 
resulting accuracy. 
Alternatively, a Fourier analysis can be used to calculate 
the response of the foundation to the transient load in the 
frequency domain. In this type of analysis, the load is 
represented by the sum of a series of harmonic components 
obtained by subjecting the load time history to a Fast Fourier 
Transform (FFT). 
In the FFT, the input hnction x(t) (i.e. -m c(t) ) is given at 
an even number, N, of equidistant points in the time domain. 
The number of frequency components is limited, and for N 
data points, N/2 frequency components are obtained. Thus, 
increased accuracy can only be obtained by increasing the 
number of data points. 
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The response of a SDF system acted on by the nrh harmonic 
component of the load would be governed by 
rn8 + c8 + k6 = x,eifon’ (5) 
in which x,and w, are the amplitude and frequency of that 
harmonic component. The response of the system can be 
related to the loading by 
6, (t) = H(o,) xke’w”’ 
where H(m,,) is a transfer function given by 
(6) 
Won) = = (H(o,,)l e’@ (7) 
where\H(w,)I is the modulus of the complex transfer 
function. For the current study, (H(w,)l was defined using 
the foundation model described in Section 3. The real part of 
the response due to the nth harmonic component is then 
S,(t) = $ IH(o,)( cos(co,t + 4) (8) 
The principle of superposition gives the total response as 
W) = c 6, (0 . 
SUMMARY OF DYNAMIC ANALYSIS RESULTS 
Dynamic analyses were conducted to evaluate the dynamic 
performance of the machine-foundation system under the 
ground-transmitted vibration. These dynamic analyses 
involved calculating the frequency content of the ground 
motion, the dynamic characteristics of the foundation system 
and the dynamic response of the foundation system to the 
ground motion. The following sections will summarize the 
results of the analysis. 
Force Fourier Amplitudes 
It was important to identity the frequency content of the 
forcing function as it influenced the response of the foundation 
system. The ground vibration measurements at Stations S4 (at 
the edge of slab near the road) and S5 (at the centre of the 
slab) were examined as they were deemed to be most 
representative of ground vibrations that would be experienced 
by the foundation. Each event included the ground vibration 
measurements during a period of 12 s. Different segments of 
the ground vibration time history were examined to identify 
the critical loading conditions. 
Figures 1 and 2 show the variation of the force Fourier 
amplitudes with frequency at stations S5 and S4 for a truck 
travelling east (June 23). It can be noted from Figs. 1 and 2 
that the force amplitudes at S4 are much higher (seventeen 
times higher) than those at S5, due to the attenuation of the 
ground motion between Stations S4 and S5. It is noted that 
the attenuation in this set of tests was higher than it was in the 
March 17 tests. This may be attributed to the fact that the 
ground was still fully or partially frozen at the time of the 
original tests. Also of note is the fact that most of the energy 
at S4 is concentrated in the frequency range 400-600 radlsec. 
This can be attributed to the fact that waves with a higher 
frequency get attenuated faster than those having a lower 
frequency. The original set of tests (March 17) showed an 
energy concentration in the frequency range 1 ooo- 
1500 radsec. The shift in the frequency range may be 
attributed to fact that the ground was not frozen during this set 
of tests. At S5, however, the energy is concentrated in the 
frequency range of 100-400 radsec. This frequency range is 
lower than that of the original tests, which is consistent with 
the measurements at S4. 
4600 I I I I I I 1 
-  X MRECYtON 
4wo 
-  Y OtRECYtON 
-. Z OlRECTtON 
1600 
Figure 1 Fourier amplitudes of force due to ground vibration 
at Station S5 (June 23) 
-0 
FREQUENCY (mdh) 
Figure 2 Fourier amplitudes of force due to ground vibration 
at Station S4 (June 23) 
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Figure 3 shows the force Fourier amplitudes at S4 as 
detected from the most critical segment of the ground 
vibration measurements from the data representing 
simultaneous measurements at Stations S4 and S5. The 
comparison between Figs. 2 and 3 shows that the Fourier 
amplitudes from the two sets of measurements are essentially 
similar and the variation is within 10%. The vibrations 
measured at S5 (Fig. I) were used as the input excitation for 
the dynamic analysis. The vibration measured at S4 was also 
used in another set of analyses, and the wave attenuation was 
considered subsequently. 
Figure 3 Fourier amplitudes of force due to ground vibration 
at S4 (simultaneous measurements at S4 and S5, June 23) 
Stiffness and Damping 
Figures 4 and 5 show the stiffness and damping of the 
foundation system for horizontal and vertical vibration modes, 
respectively. It can be noted from Figs. 4 and 5 that the 
stiffness and damping of the foundation vary considerably 
with frequency; consequently, care must be exercised in the 
selection of the stiffness value used in the dynamic analysis. 
It should be noted that the stiffness is very small in the 
frequency range 500-700 radsec. However, the damping 
increases slightly in this frequency range. Also, the important 
range of frequency is 400-600 rad/sec based on the vibration 
measurements at S4 and 100-400 rad/sec based on the 
measurements at S5. Therefore, there is essentially no 
resonant amplification based on the measurements at S5 and 
limited resonance based on the measurements at S4; 
consequently, the response is governed by the stiffness of the 
system not by its damping characteristics. 
v-1-1 II II I ” I B P-1-1 
a> b) 
Figure 4 Horizontal a) stiffness; b) damping of foundation 
a) b)  
Figure 5 Vertical a) stiffness; b) damping of foundation 
Response of the Foundation Svstem to Ground Motion 
The pile cap was assumed to be rigid and to sit above the 
ground. It was also assumed that there is no contact between 
the bottom of the slab and the ground surface (void form of 
150mm). In other words, the soil reactions at the base and 
along the sides of the slab were neglected. The piles were 
assumed to be fixed in the pile cap. The inertial force due to 
the ground motion was used as the dynamic excitation force 
and was calculated as the mass of the pile cap and the 
supported structure and equipment (the mass of the supported 
structure and equipment was assumed to be 1.0x106kg) 
multiplied by the measured ground acceleration. 
The ground vibration measurements at Station 5 (S5) for 
the gravel truck event were used as the input ground motion 
for the dynamic analysis. Figure 6 shows that the proposed 
foundation would result in a satisfactory dynamic performance 
with maximum horizontal vibration amplitudes of 3.3x10-‘m. 
The vertical vibration amplitudes were found to be less than 
I .0x IO-‘m, which is much lower than the specified tolerance. 
Figure 6 Vibration amplitudes based on ground vibration 
measured t S5 (June 23) 
The dynamic analysis was repeated with the vibration 
measurements at Station S4 used as the ground input motion. 
Figure 7 shows that the maximum vertical vibration amplitude 
for this case was 2x10-‘m while maximum horizontal 
vibration amplitude was 2.3x1 Om6 m. The response-time 
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history shown in Figure 7 features a dc component in the 
horizontal response, manifested as an artificial permanent 
displacement. The dc component was therefore removed from 
the results, with the adjusted response is shown in Figure 8. It 
is noted from Fig. 8 that the maximum horizontal vibration 
amplitude is 1 .75x10m6 m. Although the vibration amplitudes 
obtained using the ground vibration measurements at S4 are 
higher than the specified tolerance value of 0.35 x 10e6 m, they 
represent satisfactory dynamic performance for two reasons. 
First, the analysis assumed that the entire pile cap would 
vibrate in phase under the effect of the ground vibration 
introduced at the edge of the slab (the location of S4). This 
assumption overestimated the vibration of this specific 
foundation by an order of 2 to 3 (this is called the ‘5 effect). 
Second, the ground motion was assumed to have the same 
value at all points under the slab area; hence, the attenuation 
effect, as discussed previously, was ignored. To evaluate this 
effect, the simultaneous vibration measurements at Stations S4 
and S5 under the effect of the gravel truck were examined. It 
was found that the vibration amplitudes measured at S.5 were 
an order of magnitude less than the vibration amplitudes 
measured at S4. 
Figure 7 Vibration amplitudes based on ground vibration 
measured at S4 (June 23) 
In summary, the analysis procedure described in this 
paper provides a rational approach for incorporating the 
dynamic characteristics of both the foundation system and the 
seismic excitation. 
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